ABSTRACT. We report the fabrication and electron transport properties of nanoparticles self-assembled networks (NPSAN) of molecular switches (azobenzene derivatives) interconnected by Au nanoparticles, and we demonstrate optically-driven switchable logical operations associated to the light controlled switching of the molecules. The switching yield is up to 74%. We also demonstrate that these NPSANs are prone for light-stimulable reservoir computing. The complex non-linearity of electron transport and dynamics in these highly connected and recurrent networks of molecular junctions exhibit rich high harmonics generation (HHG) required for reservoir computing (RC) approaches. 
Introduction
Networks of molecularly linked metal nanoparticles (hereafter named NPSAN : nanoparticle self-assembled network) represent a powerful approach in molecular electronics to understand fundamental electron transport mechanisms, as well as to study potential applications in electronics and computing circuits. NPSANs with simple molecules (alkyl chains, short π-conjugated oligomers) were used to study metal-insulator transitions, [1] plasmonic, [2] and co-tunneling , [3] for instance.
NPSANs were also demonstrated as useful and versatile platforms [4] to study optically-driven molecular switches [5] and redox molecules [6] leading to NPSANs with memory and negative differential resistance behaviors. [7] In the field of electronics and computing circuits, the idea to use a network of self-assembled metallic nano-objets connected by electrically switchable molecules to implement reconfigurable Boolean logic gates though genetic algorithms (the so-called nanocell concept) was originally proposed and simulated by Tour et al. [8] and further explored (simulations) by Sköldberg and Wendin. [9] An experimental demonstration of the training of molecule/nanoparticle networks via genetic algorithms was achieved more recently by Bose and coworkers. [10] However, contrary to previous studies, these authors did not use switchable molecules but the fact that the electronic transport in NPSANs made of alkylthiol capped Au
NPs is dominated by Coulomb blockade below 5K (molecules are just linkers between NPs that act as non-linear single electron transistors). In the field of unconventional computing (artificial neural networks), the usefulness of these kinds of networks was also discussed. [11] The groups of Aono and Gimzewski have demonstrated that networks of atomic switches and metallic wires exhibit strongly non-linear electron transport behaviors and complex internal dynamics prone to be used in a reservoir computing (RC) system. [12] RC based on networks of carbon nanotubes dispersed in organic polymers were also proposed. [13] Here, we demonstrate that NPSANs of Au NPs functionalized by optically-driven molecular switches (azobenzene derivatives) connected in their periphery by 6-terminal Au electrodes exhibit both optically-driven switchable logical operations and switchable strongly non-linear electron transport and dynamical behaviors required for reservoir computing. These behaviors are associated to the light controlled switching of the molecules. We identify 3 main output logical functions with a switching yield of 65%. Remarkably, the devices work at room temperature and fully exploit the functionality of the molecules.
Compared to previous devices based on the more generic Coulomb blockade effect in NPs arrays, our NPSAN devices open a richer spectrum of possibilities and a same NPSAN addressed by graphene electrodes instead of gold showed an improved switching yield up to 74%. We also demonstrate how complex nonlinearities of electron transport in the NPSANs induce high harmonics generation (HHG) required for RC approaches. We show that HHG can be modified by UV illumination, which paves the way for the processing of multi-input signals through a device that acts as a reservoir computer.
Switchable logical functions.
The NPSANs consist of a self-assembled network of Au NPs (10 nm in diameter)
functionalized by azobenzene-bithiophene-alkylthiol (AzBT) molecules connected by several electrodes (metal or graphene) arranged on a ring (Figure 1- a and S1 and S2 in supporting information). More details are given in experimental section and supporting information. This AzBT molecule was chosen owing its high conductance variation upon trans-to-cis isomerization : the cis/trans conductance ratio is up to 7x10 3 in self-assembled monolayer configuration, [14] and up to 600 in 2-terminal NPSAN.
[5d] We have also shown that these molecules embedded in NPSAN can switch reversibly (10 cycles tested in
Ref.
[5d] ).
NPSANs with metal electrodes.
First, the 6-terminal AzBT NPSANs ( shows the typical distribution of the switching ratios (I cis /I trans calculated at 2 V from the I-V curves) for 4 NPSANs as the one shown in Figure 1 -a where the central ring between the electrodes is 120 nm in diameter. The average on/off ratio is about 8 with a min/max of 2/53. These switching ratios are consistent with our previously reported switching ratios measured on 2-terminal AzBTNPSANs, [5d] albeit on the low side of the total distribution (between 3 and 620 in that later case).
To demonstrate logic functions, we applied two square voltages on two randomly chosen inputs. These square input voltages were phase-shifted by π/4 in order to define four Boolean logic input states (Figure 1) . We simultaneously measured the output currents on the four remaining electrodes. We have chosen periodic signals at low frequency for the sake of simplicity to identify logical functions. We anticipate that any aperiodic combination of signals should work as well, as soon as they have a time scale compatible with the limit of the frequency response of the system (tested in this work up to 20 kHz with AC signals, see section 3). Here, the objective is to demonstrate the switchable functions of the NPSAN rather than to establish a record frequency limit. We have recently demonstrated that tiny molecular junctions (made on 10 nm Au nanodot electrodes) can work up to 17 GHz, [15] it is likely that NPSANs can work at frequencies higher than 20 kHz, the exact frequency limit being set by the parasitic capacitances of the electrodes, which were not optimized for high frequencies in this work as it was not the main focus of the study. since we have previously demonstrated [5d, 14] that cis-AzBT-NPSANs are more conductive than trans-AzBT-NPSANs (see also Figure S3 -a in supporting information). More important, the shape is modified, now the output current is a weighted sum of the two input voltages U 1 and U 2 : I 3cis =g 34cis U 1 + g 32cis U 2 . The conductance values are g 32trans = 2 pS, g 32cis = 8 pS and g 34cis = 18 pS. The increase of g 32 by a factor 4 is in agreement with the statistics measured for standard I-V curves on these 6-terminal NPSANs (Figure 1-b) . On electrode 5 ( Figure 1-e) , the situation is simpler. We did not measure a current in trans, which implies that g 52trans and g 54trans are below the sensitivity of our equipment (a current sensitivity of 100 fA, or 0.02 pS at 5V), we call this case "noise". In the cis form, we observed a "pass" function, I 5 = g 52cis U 2 with g 52cis = 8 pS. On electrode 6 ( Figure   1 -f), we have a "sum" function for the trans state, I 6 = g 64trans U 1 + g 62trans U 2 with g 64trans = 0.4 pS and g 62trans = 2 pS. After switching to the cis isomer, we have a "pass" function, I 6cis =g 64cis U1 (g 64cis = 18 pS). On electrode 1 (Figure 1-c) , we again observed "noise" for the trans state and a "sum" function in the cis state with I 1cis = g 14cis U 1 + g 12cis U 2 (g 14cis = 2 pS and g 12cis = 14 pS). We note that g 14cis is the lowest conductance measured in this NPSAN in the cis case, this may be due to the fact that electrodes 1 and 4 are separated by the largest gap corresponding to the full diameter of the electrode ring, ca. 120 nm in that case, defined by the 6 electrodes. To summarize, we observed 3 output functions "noise, "pass" and "sum", and 4 types of reconfigurations upon trans to cis isomerization : "pass" to "sum", "noise" to "sum, "noise" to "pass" and "sum" to "pass". (Table 1 ) and for the type of reconfiguration upon trans to cis isomerization (Table 2 ). For the trans-AzBT-NPSAN, the most frequent cases are "noise" and "pass" (no signal or only one input transmitted though the NPSAN), while the "pass" and "sum" dominate the behavior of the cis-AzBT-NPSAN. A switching of the NPSANs is observed in 65.5% of the measurements, among them the "pass" to "sum" switching is the most frequent (28.5 %). Table 2 . Statistic of the switching events for NPSANs with metal and graphene electrodes.
NPSANs with graphene electrodes.
Graphene represents a potentially interesting contact electrode material for hybrid molecular systems thanks, in particular, to its high structural stability. [16] The 2D nature of graphene also provides a smoother contact interface for NPSAN devices compared to Au electrodes. Overall we measured 44 NPSAN devices with graphene electrodes. As before, the device resistance was extracted at a bias can be explained by a reduction of the contact resistance at the NPSAN/graphene interface. A large parasitic contact resistance tends to decrease the measured on/off ratio with respect to the intrinsic on/off ratio of the NPSAN itself. We attribute these improved performances to the reduction of electrode thickness when using graphene (less than 1nm compared to ~11 nm for Au electrodes) [17] , the AzBT/NP network being less deformed/distorted at the electrode edges. The min/max values of the distribution of the on/off ratio are similar in both cases (Au and graphene), this dispersion reflects the molecules and NPs organisation inside the NPSAN, less affected by the quality of the contacts at the electrodes. The switching of the logical functions is also improved up to 74% (see Table 2 , 64 outputs recorded). Graphene electrodes are thus a valuable solution to improve the global performances of switchable logic functions of the NPSANs.
Switchable high harmonic generation (HHG).
We now examine the behavior of the NPSANs when we apply sinusoidal signals at two frequencies (Figure 3-a) . We performed these experiments only for the NPSAN with Au electrodes. This is justified since we aim at studying the 
where C 1 is the amplitude of the fundamental signal and C n (n≥2) the amplitude of In some cases, the THD is not significantly modified by the AzBT isomerization but a more complex behavior is observed with the appearance of intermodulation distortion (IMD) in the cis-AzBT-NPSAN ( Figure 5 ) up to the 7th-order distortion product. The intermodulation distortion product O is defined by:
where f n is the frequency of the observed IMD peaks, a 1 and a 2 integers (>0 or <0), f 1 and f 2 the fundamental frequencies of the input signals (here 8.5 and 18.5
Hz). 
Switchable functions.
The switchable functions called "pass" and "sum" (see Table 1 and 2) can be translated in Boolean logic gates. The "pass" function is simply a follower and the "sum" corresponds to the "OR" or "AND" logic gate, depending on the threshold of the output signal chosen to distinguish the logic state "0" and "1". For a high threshold, in the cis case (see Figure S6 in supporting information), the "sum" function corresponds to the "AND" logic gate (output = "1" if both inputs are set to "1"), while we have the "OR" logic gate (output = "1" if one or the two inputs = "1") for a low level threshold.
Compared to the nanocell approach, [8] [9] the advantage here is that we do not need a programmable sequence applying specific signals on the electrodes to switch the molecules in the required states, nor a sophisticated genetic algorithm. [8, 10] Contrary to previous results, [10] our NPSAN devices work at room temperature (not 5K) and fully exploit the functionality of the molecules (and not Another possibility is to use a neural network approach using these NPSANs (see discussion below).
The variability of the observed functions at the several output electrodes ( Figure 1 ) is likely to depend on the topology (and its modification) of the molecular conducting pathways into the NPSANs upon trans to cis isomerization.
The exact number and precise location of AzBT molecules undergoing a trans-tocis isomerization in the network is difficult to gauge and percolation effects can be expected. [4] A direct and experimental observation of the molecular topology reconfiguration within the network is not straightforward. An experimental visualization of these molecular conducting pathways by conducting-AFM, for example, would require a better resolution than available with our C-AFM equipment. [20] The foreseen possible applications are in the field of organic optoelectronics. The first advantage of the NPSANs is compactness. Here, a logic gate occupy an area of ∼10 -2 µm 2 (central ring of the NPSAN, excluding wires and connecting pads) while it takes ∼100 µm 2 or more (also excluding wires and connecting pads) for Boolean logic gate using OFET.
[21] The second advantage is the simplicity to reconfigure by light illumination the implemented logic gates. In principle, in standard organic electronics, it should be possible to implement optically-driven logic gates using more sophisticated optically switchable organic transistors already demonstrated at the single device level, [22] but not yet integrated in circuits and logic gates. Even in that later case, the compactness advantage of the NPSANs holds.
Reservoir computing.
If the great variability of the output signals may be a drawback for classical computing (based on Boolean gates and von Neumann architecture), it is a mandatory condition for neuro-inspired computing and especially for reservoir computing (RC). In this later case, the reservoir is a complex network of highly interconnected non-linear elements, which exhibits non-trivial evolution though dynamics in the network.
[23] The non-linear dynamics in the network can be useful for implementing RC.
[23c] We investigated how complex non-linearity in the AzBT-NPSAN leads to high harmonics generation (HHG), one of the prerequisites of reservoir computing (RC) approaches. [23a, 23b] Simulations have shown that HHG in a network of atomic switches connected by metallic wires can be used in RC.
[12c]
Again, the heterogeneous HHG responses (Figure 3 Fig. 1-a) .
We have previously shown that this energy barrier is higher for the trans AzBT (2.3 eV) than for the cis AzBT (1.9 eV). [14] In other words, with a lower energy barrier height, the currents for the cis AzBT start to deviate from linearity at lower applied voltages (as shown in Fig. S7, supplementary information) , resulting in a stronger HHG.
Similarly, the IMD is more frequent (occurrence of ca. 50%) when the AzBT molecules are in the cis isomer ( Figure 5 ). In few cases (ca.14%), IMD was also observed with molecules in their trans state. Moreover, in that later case, the intermodulation product is lower (e.g. O = 4, Figure S8 in supporting information) than for the cis case for which O up to 7 was observed ( Figure 5-b) . IMD occurs at frequencies that are the sum and/or the difference of integer multiples of the fundamental frequencies. In our experiments, we also observed interharmonics ( Figure 5 ), i.e. the presence of spectral components at frequencies that are not integer multiples of the fundamental frequencies. [25] Interharmonics can be caused by oscillations occurring, for example, in systems comprising series of parallel capacitors. This is consistent with the fact that the molecular junctions between adjacent NPs in the network have also a capacitance contribution. The entire networks can be modeled by a network of resistance-capacitance elements connected to each other by the Au NPs.
[26] One of the fundamental properties of a reservoir is to project an input space into the highest possible dimensional output space (called the feature space). In this work, we investigated this projection by a focus on HHG, interharmonics and IMD induced by the NPSAN devices. We reveal that we were able to increase the nonlinearities and consequently the feature space by the optical switching of our molecular linkers.
By analogy with artificial neural networks approaches, the NPSAN device can be seen as a single layer perceptron (with multiple input and multiple output)
where each input/output terminals are weighted by the NP/molecular pathways configuration. Note that the demonstration of switchable logical functions only takes advantage of static characteristics of the NPSAN devices. So far, single layer structure was not able to implement XOR or XNOR functions (and not observed as reported in section2) while a two layer neural network can elegantly solve this problem. If we consider now the concept of reservoir for these NPSAN devices, such a XOR or XNOR function could be available thanks to the addition of a read out layer (i.e. the system is then a two layers structure). Further work that we will consider will explore more complex computing functions based on RC approaches but remain out of the scope of the present paper.
Conclusion
In conclusion, we demonstrate that rich and complex behaviors emerge from [27]
Experimental section
Device Fabrication. NPSANs with metal electrodes. Coplanar 6-terminal nanogap metal electrodes were fabricated using standard electronic lithography processes.
We used a silicon wafer covered by a 200 nm thick silicon dioxide. Ti (1 nm thick)/Au (10 nm thick) was deposited and patterned by e-beam evaporation and lift-off. The coplanar electrodes are arranged around a circle with a diameter comprised between 80 to 120 nm ( Figure S1 and more detail in supporting information).
Device Fabrication. NPSANs with graphene electrodes. Graphene for the electrodes was grown using chemical vapor deposition (CVD) on copper foil at 1000°C using methane as a precursor and then transferred on Si/SiO2 substrate using wet transfer method. [28] Graphene electrodes were fabricated by reactive ion etching using PMMA as an etching mask. Individual device consists of 8 graphene electrodes (see supporting information, Figure S2 -a) with a ring size between the electrodes of about 0.5-2 µm ( Figure S2-b) .
Preparation and Deposition of the AzBT-AuNPs Monolayers.
The synthesis of the azobenze-bithiophene-alkylthiol (AzBT) molecules is described elsewhere. [29] For the functionnalization of the Au NPs (10 nm in diameter) and the deposition of a monolayer of AzBT-NPs on the electrodes, we followed the same process as in our previous work.
[5d] In brief, citrate or oleylamine capped Au NPs were synthesized according to known recipes, [30] and a protocole of ligand exchange was used to functionalize the Au NPS with AzBT molecules.
[31] The effectiveness of the synthesis and AzBt functionalization was assessed by UV-vis absorption
and XPS experiments, [5d] leading to a density of ca. 2560 AzBT molecules per NP (or 3.2 molecules/nm 2 -see details in Ref.
[5d] ). Then, a monolayer of AzBT-NPs was formed at the water surface and transferred to the patterned substrate by the Langmuir method following the process described in Ref. [32] ( analyzed by an Agilent 35670A dynamic signal analyzer. We analyzed the spectra in the 0-100 Hz bandwidth, with a resolution of 1600 points (62.5 mHz/point).
The analyzed spectra result from the averaging of 10 spectra in order to increase the signal-to-noise ratio.
Supporting Information
Supporting Information is included in this file. 
